Left-Right Symmetry: from Majorana to Dirac 
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Probing the origin of neutrino mass by disentangling the seesaw mechanism is one of the central 
issues of particle physics. We address it in the minimal left-right symmetric model and show how the 
knowledge of light and heavy neutrino masses and mixings suffices to determine their Dirac Yukawa 
couplings. This in turn allows one to make predictions for a number of low energy phenomena, 
such as neutrinoless double beta decay, electric dipole moments of charged leptons and neutrino 
transition moments. 



I. Introduction. In the Standard Model (SM) all par- 
ticles get their masses from the vacuum. This profound 
mechanism can be verified through the decays of the 
Higgs- Weinberg boson [1, 2], apparently found by CMS 
and ATLAS [3]. In particular, to every charged fermion 
of mass m f corresponds a unique Yukawa coupling, which 
implies the following branching ratio 

r(ft->/7) ocm). (1) 

What about neutrinos? Being neutral, they could be 
described by real Majorana spinors [4], as e.g., when one 
adds right-handed (RH) neutrinos to the SM [5]. How- 
ever, even if one were able to measure both light and 
heavy neutrino masses and mixings, the Dirac couplings 
still could not be unambiguously determined [6]. 

The question is what happens in a more fundamental 
theory, such as the left-right (LR) symmetric model, in- 
troduced in order to understand the origin of parity vio- 
lation [7] . Historically, this model led to neutrino masses 
long before the experiment and also to the seesaw mech- 
anism [8, 9]. 

We show that once the mass matrix of heavy neutri- 
nos is measured, the relation between heavy and light 
neutrinos can be made definite in the following manner. 
The KS [10] production process of heavy neutrinos al- 
lows one to measure their masses and flavour composition 
and determine their Majorana nature [11]. The theory 
then predicts the Dirac Yukawa couplings, shedding light 
on neutrinoless double beta decay and lepton dipole mo- 
ments. 

II. The Minimal LR Model The minimal left- 
right symmetric model (LRSM) is based on the gauge 
group SU(2) L <g> SU(2) R ® U(1)b-l, augmented by a 
LR symmetry which implies equality of gauge couplings 
9l = 9r = 9- Fermions come in LR symmetric doublet 
representations Q LjR = (u,d) LjR and L LjR = {v,t) LiR 
and the relevant charged gauge interactions are 

Cgauge = 4= (W^^L + NrV^rCr) + h.C (2) 

The Higgs sector consists [8] of a complex bi-doublet 
$(2, 2, 0) and two triplets A L (3, 1, 2) and A R (1, 3, 2) with 
quantum numbers referring to the LR gauge group. 



In the seesaw picture the Majorana neutrino mass ma- 
trix is given by [12] 

M V = M L -Ml^-M D , (3) 

M N 

where Mjj is the neutrino Dirac mass matrix, while Ml 
and Mjy are the symmetric Majorana mass matrices of 
left- and right-handed neutrinos, respectively. 

The above formula connects the smallness of neutrino 
mass to the scale of parity restoration at high energies. 
It is crucial that there be new physical phenomena that 
allow to probe directly 1 the Majorana nature of RH neu- 
trinos and determine their masses and mixings from ex- 
periment [10]. 

We opt for charge conjugation C as LR symmetry, with 
the fields transforming as /l (Ir) , $ —> <£ T and 
Al O A* r (the case of parity will be discussed else- 
where). The mass matrices then satisfy 2 

M L = —M N , (4) 
v R 

M D = Ml, (5) 

where vl, R are the vevs of A° L R . In order to complete our 
phenomenological program, one needs to determine also 
v R and vl- The former would be automatically deter- 
mined with the discovery of Wr; for the complex issues 
related to the latter we refer the reader to [14]. It is note- 
worthy that in the case of C, the lower bound on the LR 
scale Mw R ^2.5 TeV [15, 16] is finally being probed at 
the LHC [17]. 

The determination of the RH neutrino mass matrix as 
a function of the Dirac Yukawa coupling (the latter imag- 
ined to be given by some external structure) was studied 



1 In case RH neutrinos are too light to be probed at the LHC, one 
may still determine indirectly their masses and mixings as in the 
case when the lightest one is the warm dark matter [13]. 

2 In principle, <E> could change sign under the LR symmetry. In case 
of C, this implies anti-symmetric matrices with one vanishing and 
two other masses equal, clearly incompatible with data. 
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before in [18, 19]. We wish to show, on the contrary, 
that the LRSM is a complete theory of neutrino masses 
and mixings, in the sense that the measurements of the 
heavy sector at colliders can determine and inter-connect 
the low energy phenomena. 

III. From Majorana to Dirac. The above seesaw for- 
mula seemingly obfuscates the connection between heavy 
and light neutrinos and common lore was that this con- 
nection cannot be unravelled [6]. However, since the 
Dirac mass matrix must be symmetric, it can be obtained 
directly from (3) 



M D = M 1 



N 



vr 



1 

W N 



(6) 



and thereby one can determine the mixing between 
light and heavy neutrinos. The square root of an 
n-dimensional matrix always has 2 n discrete solutions 
which can be found in [20] (ambiguities might arise in 
singular points of the parameter space). The essential 
fact is that Dirac masses are small, just as one would 
expect naively from the one generation case. 

The above expression offers a unified picture of the 
low energy phenomena such as lepton flavour violation, 
lepton number violation through the neutrinoless double 
beta decay, electric dipole moments of charged leptons, 
neutrino transition moments, neutrino oscillations and 
neutrino cosmology. Some examples are discussed be- 
low, while the rest will be dealt with in a forthcoming 
publication. 

Mn from LUC. The mass matrix of light neutrinos 

M v = Vtm v V ] L (7) 

is being probed by low energy experiments, while the one 
of heavy neutrinos 3 



M N = V R m N V£ 



(8) 



on the other hand, can be determined at high energy 
colliders through the KS reaction [10]. This amounts to 
producing Wr at the usual Drell-Yan resonance. Unlike 
in the case of Wl , where neutrinos act as missing energy, 
here the decays of heavy RH neutrinos lead to a lepton 
number violating final state of two same-sign leptons and 
two jets. Moreover, one can directly probe the Majorana 
nature of RH neutrinos through their equal branching 
ratios into charged leptons and anti- leptons [10]. Due 
to the absence of missing energy in the final state, one 
can fully reconstruct the heavy neutrino masses tun and 
their mixings Vr by tagging the flavour of the final state 
leptons. For recent studies, see [15, 21]. 
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FIG. 1. Electron EDM size in the LRSM with Eqs. (9),v L = 
and TYiNi 2 3 — 0.5, 2, 2.5 TeV. The neutrino mixing angles are 
fixed at central values provided in [28] and the CP phases are 
scanned over. 

While waiting for the LHC to provide this information, 
the reader may find it useful to have a simple working 
example 



Vr = VI. 



(9) 



Although in general (6) may require some computational 
tedium, for this example one gets 



M D = V L m N J V£. 

W Vr m N 



(10) 



IV. Phenomenological implications. Low scale 
LRSM contains a host of experimentally accessible phe- 
nomena related to lepton number and flavour viola- 
tion [22], both at high and low energies. In this section, 
we investigate only the low energy signals proportional to 
Dirac couplings and discuss their potential observation. 

Electron EDM. One of the most sensitive probes of 
new physics beyond the SM is the T and CP-violating 
electric dipole moment (EDM) of charged leptons. The 
SM contribution arises at four loops [23] and is around 
eleven orders of magnitude below the current experimen- 
tal limit d e < 10" 27 e cm [24]. In the LRSM this process 
is significantly enhanced due to the mixing £lr of left and 
right gauge bosons. The leading amplitude is present at 
one loop [25, 26] 



4 v / 2tt : 



-Im 



ZlrVrFWV^Md 



where 



F(t) 



t 2 - lit + 4 3t 2 logt 



m 



N 



2(t-l) 



(t-l)* 



M w L 



(11) 



(12) 



There are strong limits on the £lr but, in any case, it is 
automatically small due to the suppression of the heavy 
gauge boson mass. It is bounded by 



3 The mass matrix of charged leptons, being symmetric, can be 
taken diagonal without loss of generality. 



(13) 
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with a lower bound resulting from radiative electroweak 
corrections [27]. 

Taking the example in (9), the size of the EDM is 
shown in Fig. 1 as a function of the lightest neutrino 
mass for two different neutrino hierarchies. These values 
can be probed by future experiments [29]. In the case 
when the LR mixing is close to its lower bound, one has 
to go beyond the one loop approximation [30] , but in that 
case the experimental outlook seems bleak and we do not 
pursue it here. 

In the context of LRSM, EDM is a manifestly CP 
odd process sensitive to Majorana phases, complemen- 
tary to [31]. 

Neutrinoless double beta decay. The importance 
of this textbook example of lepton number violation 
was recognized in [32] soon after the seminal work of 
Majorana [4]. The LRSM offers new sources for this 
process [12] that has been studied extensively over the 
years [33]. In particular, an in-depth analysis [34] (see 
also [35]) was recently performed on the connection be- 
tween neutrinoless double beta decay (and lepton flavour 
violation) at low energies and the KS process [10] at col- 
liders. 

Although the main source of this process in LRSM is 
due to the exchange of the heavy neutrinos, there is an 
additional contribution proportional to the Dirac mass 
matrix. We express it in the usual form of an effective 
mass term 



m 



ILR 



7] 



M 2 Wl 
M W R 



p(M~ 1 M D ) 



(14) 



where p ~ 100 MeV [34] and rj ~ 10 -2 [36] are deter- 
mined by nuclear physics considerations. 

As a consequence of (6), the contribution in (14) is 
subleading 4 and the total decay rate is governed by the 
effective mass parameter 



|2 



v+N\ 



\Vl ej m v 



2 M w Vh 3 



M W R m N 1 



(15) 



Since \ml e +N \ and the size of the electron EDM both 
depend on the heavy neutrino mass, there is a correlation 
between the two processes, which is shown in Fig. 2. The 
values oi tun are chosen for illustration purpose only. 

Neutrino transition moments. By defining 

M = a R V£m e M^M D V L , (16) 

we get the following matrix of neutrino magnetic transi- 
tion moments 



■Im [M + M f ] . 



(17) 



4 In addition, a possible contribution of heavy neutrinos without 
Wr [37] is suppressed according to (6). 
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FIG. 2. Electron EDM size and the effective mass for neu- 
trinoless double beta computed with the same choice of pa- 
rameters as in Fig. 1. The mass of Wr is fixed at 4 TeV and 
p= 193 MeV [34]. 

This result was already derived in [38] and can be re- 
produced using [26]. Here we neglect the contribution 
from light neutrino masses, which is roughly nine orders 
of magnitude smaller than the current experimental limit 
fi < 2 x 10 _10 /i£ [39]. One should keep in mind that the 
Majorana transition moments in the SM (with non-zero 
neutrino mass) are negligibly small hsm — 10 -23 /i# [39]. 

It is easy to see that (17) gives roughly /i ~ 10~ 19 [1b 
for generic values of Mp in (6), still a hopelessly small 
value. Therefore an observation of neutrino transition 
moments would deal a serious blow to the LRSM. 

Alternative description. It is well known that in the 
SM augmented by RH neutrinos, the Dirac mass matrix 
is undetermined up to an arbitrary complex orthogonal 
matrix O [6, 40]. In the limit when the imaginary compo- 
nents of the mixing angles are large, the origin of neutrino 
mass is completely hidden from the processes that could 
probe it. The crucial point here is that Mp is forced 
to be symmetric, which now fixes O to have entries of 
natural order one. Moreover, this parametrization offers 
an alternative method of computing Mp which will be 
discussed elsewhere. 

V. Conclusions and Outlook. In the SM the knowl- 
edge of charged fermion masses uniquely predicts Higgs 
decay branching ratios. As shown here, exactly the same 
happens in the LRSM for the masses of light and heavy 
neutrinos. The reason behind this is the LR symmetry 
itself which allows one to compute the Dirac Yukawa cou- 
plings in the context of the seesaw mechanism. 

The main result of our paper is summarised in Eq. (6). 
Its phenomenological impact is exemplified on the phe- 
nomena of neutrinoless double beta decay, dipole mo- 
ments of charged leptons and neutrino transition mo- 
ments. This result was achieved at no expense of impos- 
ing additional ad-hoc symmetries but by the structure of 
the theory itself. 
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